The theoretical calculation of spectral parameters of electron and exciton quasi-stationary s-states in open spherical quantum dot is performed within the eective mass approximation and rectangular potentials model. The conceptions of probability distribution functions (over quasi-momentum or energy) of electron location inside of quantum dot and their spectral characteristics: generalized resonance energies and widths are introduced. It is shown that the generalized resonance energies and widths, obtained within the distribution functions, satisfy the Heisenberg uncertainty principle for the barrier widths varying from zero to innity. At the same time, the ordinary resonance energies and widths dened as complex poles of scattering S-matrix, do not satisfy it for the small barrier widths and, therefore, are correct only for the open quantum dots with rather wide potential barriers.
Introduction
The modern experimental abilities of infrared range cascade lasers, resonance tunnel diodes and separable quantum dots production and wide perspectives of their utilization in microbiology and medicine [14] constantly stimulate the interest of theoretical investigations of open nanostructures. The explaining of all physical phenomena in them is connected with the description of electron and exciton quasi-stationary spectra and interaction of these quasi-particles with classic and quantized elds.
The electron spectrum in open quantum lms, wires and dots is studied using dierent theoretical methods [511] . In the framework of the eective mass approximation and rectangular potential barriers model, the quasi--stationary electron spectrum in open spherical quantum dot (QD) is usually studied within the scattering S-matrix method [7, 8, 11] because it allows the exact solution of the Schrödinger equation. The complex poles of S-matrix dene the resonance energies (REs) and resonance widths (RWs) of electron in open spherical QD with wide barriers rather well [11] .
Nevertheless, it is already established that the quasi--stationary electron (exciton) spectrum in open spherical QD with thin and super thin barriers, the most perspective for the practical utilization, cannot be dened by the complex poles of S-matrix [11] .
In this paper, the new characteristics of electron and exciton states in open spherical QDs: the generalized * corresponding author; e-mail: ktf@chnu.edu.ua resonance energies (GREs) and generalized resonance widths (GRWs) valid at arbitrary potential barrier width are introduced and studied.
It is also proven that the universal characteristic of electron or exciton quasi--stationary states (QSSs) in open spherical QD is the probability distribution function (over quasi-momentum or energy) of quasi-particle located inside of QD. The dependences of electron and exciton GREs and GRWs on the barrier width is studied for InAs/GaAs/InAs nanostructure. 
S-matrix
Using the Hamiltonian of the system 
we solve the stationary Schrödinger equation exactly and obtain the complete set of wave functions
Here, Y ℓm (θ, φ) the spherical functions (ℓ = 0, 1, 2, . . . ; m = 0, ±1, ±2, . . .) and the radial ones R ℓk (r)
are taken as linear combinations of the Hankel functions
The continuity conditions of radial wave functions and their densities of currents at all nanostructure interfaces together with the normalizing one, dene all unknown coecients and scattering S ℓ (k)-matrix [7, 8, 11] .
Further, avoiding the sophisticated expressions, we are going to observe only the s-
where
S(k)-matrix (6) , of course, coincides to the one obtained in Refs. [7, 8, 11] in other analytical form, but its expression through the real Z(k) function has the advantages which would be clear further. Especially, the expression
Now, we introduce the probability distribution func- 
The calculation of these functions is analytically performed exactly. Really, using Schrödinger Eq. (2) for the two close energy values (E and E 1 ) we obtain
. (11) According to the general theory [12, 13] , for r ≥ r 1 where
where the phase (δ) is related to the S-matrix through the expression
after some transformations it is obtained
Taking into account the analytical form of Z(k) (7) , we get the exact and convenient for calculations expression for the probability distribution function at k ≤ k 0 :
Expression (15) for the distribution function W (k) (and equivalent to it W (E)) stays valid also for k ≥ k 0 (E ≥ U ) when χ → iχ. Further, it is proven that just W (E) distribution function allows introducing the GRE and GRW conceptions which are true independently of the width of the open spherical potential barrier.
The Hamiltonian of exciton has the form
Here, E g band gap energy, H e (r e ), H h (r h ) the electron and hole Hamiltonians, expression (2) and ε dielectric constant of 0 and 2 media where the quasi--particles are mainly located.
The Schrödinger equation with Hamiltonian (17) cannot be solved exactly. Thus, the approximated method is used. When the sum of uncoupling electron and hole resonance energies in the respective exciton QSS is much bigger than the energy of their interaction in these states, it can be assumed that the probability distribution function over quasimomentum for the exciton located in open spherical QD is given by the expression
Using (5) and (18), we obtain the probability distribution function over the energy for the exciton located in open spherical QD
xing the exciton GREs and GRWs in spherically--symmetric states (ℓ = 0). Table. (Fig. 2) . When the potential barrier is absent (∆ = 0), from the expression for probability distribution function
and Fig. 2 one can see that W (K) and W (E) functions perform the quasi-periodical oscillations respectively the average valuē
consistently taking minimum ( 
The oscillations of W (K) and W (E) functions in K-or E-scales, respectively, create the continuous sequence of peaks (n e = 1, 2, 3, . . . ∞), each characterized by its maximum and width. As far as it is true for any width, it is reasonable to introduce two main spectral characteristics of n-th electron peak: GRE: E 
The GREs, REs and GRWs, RWs of exciton QSSs are calculated within the approximated method, using the following considerations. When the electronhole interaction is neglected, the energies and widths of exciton QSS s-states are dened, depending on the method, by the formulae 
where R ne (r e ), R n h (r h ) electron (e) and hole (h) wave functions in the states n e and n h of two-well closed spherical QD, approximating open spherical QD [14] . 
n h are dened as the corresponding spectral parameters of probability distribution function for exciton in QD (Fig. 4 , without accounting of the band gap energy E g ). In Fig. 4a the spatial shape of probability distribution function W (k e , k h ) in k-space is presented. In Fig. 4b 
